In the present work, the depolymerization of polyethylene terephthalate (PET) was performed by the method of glycolysis with ethylene glycol. The process was carried out using a factorial design in the Box-Behnken optimization model, using a response surface methodology (RSM) in which three factors (time, temperature and mass ratio of ethylene glycol) were studied in three levels of variation (-1, 0, +1) with two replicates of the center point, totalizing 15 experiments for which the yield of bis (2-hydroxyethyl) terephthalate (BHET) monomers formed in the process was chosen as response. In parallel, the Arrhenius kinetic test was used to determine the apparent activation energy 
Introduction
Poly(ethylene terephthalate) -popularly known as "polyester" in textile industry -a semicrystalline thermoplastic first developed and recognized in the England by scientists Whinfield and Dickson [1] through polycondensation reaction of terephthalic acid with ethylene glycol in 1941, has been widely used in various applications ranging from textile fibers (67%), blown injection packagings (24%), bioriented films (5%) and engineering polymers (4%). The success of this material is due to its excellent relationship between the mechanical and thermal properties and the low cost of production [2, 3] . Its global consumption exceeded 54 million tons in 2010 and had an increase of about 4.5% per year between 2010 and 2015 [4] . Due to this high consumption rate, recycling of this waste has become a major challenge for the conservation of resources and protection of the environment [5] since the material is responsible for 8% by weight and 12% by volume of solid waste in the world. PET recycling not only contributes as a partial solution to the problem of solid waste but also as a source of raw material for some industries, assisting the conservation of high-cost petrochemical products through the use of terephthalic resins and polyurethanes and as coatings and other applications, which are of great importance [6] . It is observed that in the last years, the interest in PET recycling has been growing continuously because of ecological and economic concerns.
PET depolymerization occurs by three methods: hydrolysis, glycolysis, and methanolysis. Other processes such as ammonolysis and aminolysis have also been included for historical and practical reasons. Of all the chemical recycling processes, the most applied ones on a commercial scale are methanolysis and glycolysis for economic reasons [7] . The glycolysis reaction is described as the transesterification process between PET ester groups and a diol, usually ethylene glycol in excess to obtain the monomer bis-2-hydroxyethyl terephthalate (BHET). This product, in turn, can also be incorporated into the virgin material in the production of unsaturated polyesters, plastic masses, rigid or flexible polyurethanes, and other fine chemicals. PET glycolysis has attracted much attention recently, but its reaction speed is very slow in the absence of catalysts. Thus various types of catalysts have been explored for this reaction, such as metal acetates, metal chlorides, metal oxides, solid superacids, carbonates, sulfates and titanium phosphates [8, 9] . These traditional catalysts are efficient, but some are oxidizing and many are harmful to the environment
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and difficult to separate from the reaction mixture, which could influence the properties of the product [10] . Baliga and Wong [11] evaluated the depolymerization reaction at 190 °C with excess ethylene glycol (EG/PET = 1:4) in the presence of various metal acetates as catalysts: zinc, lead, manganese and cobalt, as typically used in transesterification reactions. In the experiment without a catalyst, a considerable amount of PET can be observed after 8 h reaction, showing the catalyst importance in the depolymerization process. In the catalyzed experiments, the glycolyzed products consisted of a mixture of BHET and some oligomers, being analyzed by hydroxyl number [12] , showing a significant increase in the initial rate of depolymerization influenced by catalysts following the order: Zn Kao et al. [13] investigated the efficiency of Na , Cu 2+ and Zn 2+ acetates as PET catalysts with ethylene glycol through differential scanning calorimetry (DSC) analysis of the products resulting from a high temperature and pressure reaction for 30 min, also using hydroxyl number measurements, which verified better results also for zinc.
According to Wang et al. [14] it was possible to obtain satisfactory results with 100% PET depolymerization by glycolysis in the presence of ethylene glycol with 71.2% bis-2-hydroxyethyl terephthalate monomer (BHET) formed in 8 hour reaction time, but the volume of catalyst consumed was high (approximately 20% wt.). The group also made comparisons of average molecular weight by capillary viscosimetry measurements [15] for PET reacting at temperatures between 160 and 180 °C.
In 2011, Yue et al. [16] added to the studies the investigation of basic ionic liquids exhibiting excellent yields with a reaction time of 2 hours and 5% wt. catalysts. In 2013, members of the same group [17] studied the effect of ionic liquids combined with zinc and manganese chlorides as catalysts in the presence of Lewis and Brönsted acid sites in coordination with pyridine achieving 100% PET conversion and yields that reached 84.9% in monomer production (BHET). One of their goals was to reduce the amount of catalyst consumed, successfully reducing that value to 0.16% wt. [18] . Their new study in 2014 [10] was based on novel compounds of metal-dialkylimidazole ionic liquids. The reaction activity was tested with Cu, Al, Sn, Ni, Fe, Pb, Mn and Zn ions, confirming the efficacy of 1-butyl-3-methylimidazole combined with zinc chloride ([Bmim] ZnCl 3 ) showing 97.9% in PET conversion and 83.3% yield of BHET produced. In the same year, Al Sabagh et al. [9] compared glycolysis under the effect of ionic liquids combined with copper and zinc acetates at a relatively high concentration (50%), giving better results for copper over a 2 h period. This result was compared to a kinetic study, finding the reaction constants for various temperatures, using this argument to find the activation energy for comparison. The resulting values were 56.4 kJ/mol and 53.8 kJ/mol for copper (II) and zinc, respectively.
The aim of this work is to optimize the performance of post-consumption polyethylene terephthalate glycolysis process as a function of the reaction parameters (time, temperature and mass ratio EG: PET) and to determine the apparent activation energy of catalyst trichlorozincate 1-butyl-3-methylimidazole ([Bmim] ZnCl 3 ). 
Materials and Methods

Materials
Catalyst synthesis
For the synthesis of 1-butyl-3-methylimidazole trichlorozincate ([Bmin]ZnCl 3 ) a mixture of equimolar amounts of 1-butyl-3-methylimidazole chloride [(Bmin]Cl) (Sigma-Aldrich HPLC 98.0%), and zinc chloride (Dynamika P.A. ACS) was prepared under constant stirring for 24 h in excess dichloromethane (Merck HPLC 99.9%). Then the mixture was subjected to filtration and vacuum distillation of the liquid phase, according to the procedure described elsewhere [18] .
Experimental procedure of PET glycolysis
The 15 factorial experiments were carried out for the following variables: time, temperature and the solvent mass ratio (EG:PET), in random order for fixed amounts of approximately 5 g PET with 5% wt catalyst addition. For each experiment, a reflux kit with heating jacket, a 150 mL two-neck round bottom flask (Uniglass), a condenser, capillary mercury thermometer (Incoterm) and mechanical stirrer were used.
For monomers separation, the reaction mixture was rapidly filtered with a steel screen to remove residual PET (Fraction A). Approximately 40 mL of ice-cold distilled water was added to the liquid phase in a 250 mL beaker with constant stirring until the system reached room temperature (25-30°C). The mixture was vacuum filtered with an ultrafine paper filter separating the solid phase (Fraction B), containing oligomers and dimers, followed by drying in an oven at 50°C for 6 h and the liquid phase composed mainly of monomers, excess ethylene glycol and catalyst. This was crystallized in the refrigerator for 24 h and subjected to vacuum filtration with ultrafine paper filter and oven drying at 50°C (Fraction C). All fractions were weighed on an analytical balance.
The yield of monomer fraction, the main product of the reaction is defined by Equation 1 [9] :
where, BHET W is the weight of the monomer obtained by "fraction C", PETi W the initial PET weight, BHET MW is the molar weight for the BHET monomer in the amount of 254 g⋅mol -1 , and
PET
MW
is molar weight to PET in the amount of 192 g·mol -1 per repeating unit.
Experiments design
For accomplishment of glycolysis process, the optimization of response surface methodology with the Box-Behnken design [19, 20] was carried out, aiming the monomer yield response optimization to 3 variables: reaction time, temperature and mass ratio between ethylene glycol/PET in 3 levels (1, 0, +1), allowing to verify the interaction between variables, where the number of experiments is given by Equation 2:
Where: "k" the number of variables and "cp" the number of experiments in the central point conditions, resulting in a total of 15 experiments in which 2 repetitions of the central point are included. The values for maximum and minimum levels were chosen with help of some other published studies since the system to be worked is already known.
In the summary, the levels of the variables are organized in Table 1 .
The matrix defined by the Box-Behnken design for the realization of the sequence of experiments is given in Table 2 :
Apparent activation energy
New trials were performed on the same system at reflux, with about 2g of PET, 5% wt. catalyst (100 mg) [Bmin] ZnCl 3 and 20 mL ethylene glycol (about 10:1 EG:PET). The total of the 20 experiments were performed in total at varying intervals of time to temperatures of 170°C, 180°C, 190°C, and 197°C respectively. The residual PET mass was weighed to calculate the conversion rate for each reaction.
The conversion rate of PET in subproduct 3 is defined by Equation 3 [18] :
Where: i W represents the initial mass of PET and f W represents the mass of residual PET (non-depolymerized).
Characterization
Infrared spectroscopy analysis was performed with Spectrum 400 FT-MIR / FT-NIR -Perkin Elmer, in attenuated total reflectance (ATR) mode, 16 scans, with a resolution of 4 cm 
Results and Discussions
Glycolysis products
Residual PET was previously separated from the oligomer mixture (fraction B), which showed a white-green color in most experiments. Differential scanning calorimetry (DSC) comparisons of crystalline melt temperature were carried out (Figure 1 ), comparing samples from the initial PET fractions, and fractions of monomers (fraction C) and oligomers (fraction B). The BHET monomer fraction presented a melting temperature of 113.34°C (endothermic peak classified as crystalline melt) with a melting enthalpy of 134.6 J/g and the fraction of oligomers showed a temperature close to 110.38°C, but with a lower intensity, which justifies the presence of monomers also in fraction B, with an enthalpy value of 90.14 J/g. Fractions B and C differed adequately from the behavior of crushed PET sample which presented, according to the thermogram, the melting temperature of 249.37°C and enthalpy of 33.19 J/g. From the thermogravimetric analysis (Figure 2 ), the first mass loss of 26.24% was observed, starting at 203.34°C for the sample of BHET monomers (fraction C) indicating its thermal degradation and the second loss of mass of 67.01% 400.39°C referring to the decomposition of PET produced by re-polymerisation in the heating ramp. For the oligomers sample (fraction B) there was degradation with the first mass loss of 22.97% at 198.10ºC and, similarly to the fraction of monomers, it also had a second mass loss of 66.98% referring to the formation of PET at high temperatures at 406.70ºC. All the results of thermal analyzes are listed in Table 3 .
Analysing of the FTIR spectrum ( Figure 3 ) it can be seen that all components have the same bands: 2957 and 2899 cm Figure 5 , where the signal is shifted related to carbonyl at 166 ppm. Aromatic carbons and methylenes are based on 133.83 and 129.67 ppm while CH 2 OH and -COO-CH 2 -are located at 67.02 and 61.26 ppm respectively. The formation of the bis-2-hydroxyethyl terephthalate monomer (BHET) is therefore confirmed by the proposed structure and their NMR spectrum show to be in agreement with the literature [21, 22] . 
Mass spectrometry analysis with electrospray ionization (ESI-MS
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Apparent activation energy
PET depolymerization studies usually assume the process as having first-order kinetics [9, 23] . The depolymerization reaction rate constant is proportional to the PET concentration (per repeating unit) and ethylene glycol (EG). So the equation can be written like this:
As in the reaction conditions ethylene glycol (EG) is in excess, the concentration of ethylene glycol is considered constant because the solvent mass is much higher than the mass of PET. It is therefore rewritten [ ] k EG as k′,so:
PET is the concentration of PET per repetition unit:
Where x is the conversion of PET. In this way, [ ] ' k PET can be written as '' k , which will be the pseudo 1 st order rate constant. Integrating Equation 7, we have:
Applying Equation 8 as a function of glycolysis time, it is possible to find the rate constant k 'in a graph ln (1/(1-x) ) versus time, using the line slope. The coefficients of linear correlation (R 2 ) were greater than 0.99 in the experiments for each studied temperature (Figure 7) , the values for the constants k' were 0.0909; 0.0775; 0.0139; 0.0024 and 0.0008 min -1 for the temperatures of 197, 190, 180, 170, and 160°C respectively.
Using the rate constants values it was possible to obtain the activation energy (Ea) from the ratio obtained from Equation 9:
Where: "A" is a pre-exponential factor, "R" is the gas constant
, and "T" is the temperature in Kelvin. The apparent activation energy for the process of glycolysis with the catalyst [Bmin]ZnCl 3 , calculated on the straight line slope in Arrhenius plot (Figure 8 ) was 36.49 kJ/mol.
The calculated result of the apparent activation energy is well lower compared to the data reported in the literature (Table 4 ), the energy values 53.8 kJ/mol and 56.4 kJ/mol for 1-butyl-3-methylimidazole acetate combined with zinc and copper acetates respectively [9] , 58.53 kJ/mol with 1-butyl-3-methylimidazole acetate [23] , 79.3 kJ/mol with zinc and aluminum oxides mixture [24] , 85 kJ/mol with zinc acetate [25] , 92 kJ/mol with zinc (acetate and stereate) salts [26] and 108 kJ/mol without catalyst [25] .
Design of experiments
The Table 2 , presents the trends in yield behavior for the formation of bis (2-hydroxyethyl) terephthalate (BHET) monomers as a function of simultaneous changes in variables and levels. The combination of the 15 experiments results in the optimization of the "% yield" response with statistical tests and in a surface chart known as Surface Response Methodology (MSR).
The regression model applied in optimization schedules with central points is usually a quadratic polynomial equation used to predict response as a function of independent variables. The equation can be expressed as:
Where: Y is the expected response, 0 β is a constant, i β , ii β and ij β are linear, quadratic and interactive coefficients respectively and ε is the model waste. The independent variables ( i x ) chosen in this case are time ( 1 x ), temperature ( 2 x ) and mass ratio EG: PET ( 3 x ). The polynomial coefficients were estimated by the method of least squares regression [27] and the validation of the model made by analysis of variance (ANOVA). When applying the experimental data in Equation 10, a mathematical relationship between "predicted yield" and independent variables (Equation 11) is found ( ) , β β β …β ), demonstrating interactions which are indeed significant in the reaction process by the t-test [28] . This observation is demonstrated in the graph ( Figure 9 ) through tie-line indicating the coefficients statistical significance, where significant amounts deviate from the value 0. In significance order we have the coefficients corresponding to the effects of variables: temperature (b 2 ), time (b 1 ), EG dosage vs. time interaction: PET (b 13 ) and finally the dosage EG: PET (b 3 ).
The Figure 10a shows the experimental values based on the responses predicted by the model. It can be seen that there is a good agreement between experimental data and those responses predicted by the model of Equation 11 . This observation confirms the good model fit described in Table 5 . The Figure 10b shows the behavior of the waste, i.e., the difference between experimental and predicted values. It is noted in this comparison between the expected response and the waste that they behave randomly with no default, showing good homoscedasticity (error variance is constant) and the relationship between variables is predominantly linear.
The F-test can be used to verify the regression significance. If the calculated F is larger than the tabulated one, it indicates good regression and, consequently, the mathematical model satisfactorily represents the experiment [29] . Thus the obtained Table 4 . apparent activation energies for PET glycolysis studies.
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Ref. [25] 36 [29] . Thus it was obtained an F Cal. = 6.8466 <F 3.2 = 19.16 concluding that the model does not have lack of fit. Therefore, the developed model is well-adjusted to a 95% confidence level.
After ensuring the model suitability, the surface (3D) and contour (2D) graphs were plotted, referring to the following parameters combinations: time vs temperature in 3 levels (-1, 0, 1) of ethylene glycol dosage in relation to PET (EG: PET), demonstrating the behavior of the two factors variation with a fixed (constant) variable for the income response, aiming to contribute to the illustration of the best experimental conditions for a high yield. The largest response is determined to find the maximum point within the area delimited by the levels of each factor. Figure 11 evaluates that the increase in yield is favored by increasing the three variable set to the maximum level, however Figure 11a shows a different trend, which demonstrates that the good From Figures 11b and 11c , it is seen that the behavior changes when, if there is an increase in asolvent, better yields are obtained by increasing the time from 0 (90 min) to +1 (120 min), at maximum temperature (190°C). Another point to be highlighted is that excess solvent favors obtaining the liquid phase (phase C) by filtration, reducing yield losses. Under the best conditions shown in Figure 11c , in a proportion of +1 ethylene glycol (10:1), the critical yield (peak point under these conditions) of approximately 50% is reached.
Conclusions
The synthesis of the bis-(2-hydroxyethyl) terephthalate (BHET) monomers was performed satisfactorily and the possible difficulties in the fractions separation step were minimized by improving the formed crystals purity. The choice of factors and reactional levels applied in Box-Behnken design was aided by articles in the field of experiments optimization, even though most of them dealing with univariate and poorly applied methods but that played an important role in this stage, which can be proved by the graph of the coefficients (Figure 9 The generated graphs of response surface show a good region where yields greater than 50% yield are achieved in the conditions established with the increase of three variables together, which can be applied for further reactions depolymerization, since the monomer is not the only interest in the process, but the degradation of the starting material generating new chemical compounds represent a wide range of applications in the production of resin and derivatives. 
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